Both microbial and host genetic factors contribute to the pathogenesis of autoimmune disease [1] [2] [3] [4] . Accumulating evidence suggests that microbial species that potentiate chronic inflammation, as in inflammatory bowel disease (IBD), 2 often also colonize healthy individuals. These microbes, including the Helicobacter species, have the propensity to induce autoreactive T cells and are collectively referred to as pathobionts [4] [5] [6] [7] [8] . However, an understanding of how such T cells are constrained in healthy individuals is lacking. Here we report that host tolerance to a potentially pathogenic bacterium, Helicobacter hepaticus (H. 
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Main Text
We chose Helicobacter hepaticus (H. hepaticus) as a model to investigate host-pathobiont interplay. In mice with impaired anti-inflammatory IL-10 signaling,
H. hepaticus induces inflammation of the large intestine (LI), marked by
loaded with E2 peptide (HH-E2 tetramer) 13, 14 . We validated the specificity of these tracking tools in vitro and in vivo (Extended Data Fig. 1d-g ) To track what happens to H. hepaticus-specific T cells in healthy animals, we simultaneously transferred naïve HH7-2tg and 7B8tg (segmented filamentous bacteria (SFB)-specific TCRtg control) 10 T cells into WT mice, stably colonized with both H. hepaticus and SFB. Donor-and recipient-derived T cells were distinguished using CD45.1 and CD45.2 congenic markers ( T cells by staining for lineage-specific transcription factors. As previously reported, the vast majority of 7B8 cells developed into T H 17 cells in the SILP, as they were predominantly positive for RORγt though negative for Foxp3 10 ( Fig. 1b,   c ). In contrast, HH7-2tg cells in the LILP of WT recipients were mostly iT reg cells that expressed both RORγt and Foxp3 (accounting for ~60% of total donorderived HH7-2tg cells) 15, 16 , rather than T H 17 cells (<10% of total HH7-2tg cells) (Fig. 1b, c) . There was also a sub-population of 7B8tg and HH7-2tg T cells that were prone to rectal prolapse (Fig. 4a) . Moreover, five to six weeks after colonization with H. hepaticus, Maf ∆Treg mice had enlarged LI-draining mesenteric lymph nodes (mLNs) and increased cellularity of mLNs and LI (Fig. 4b, c) .
Histopathological analysis of the large intestine of these animals revealed mixed acute and chronic inflammation including multifocal or diffuse mononuclear inflammatory infiltrates in the lamina propria, crypt abscesses or cryptitis and architectural glandular disarray with reactive epithelial changes (nuclear enlargement, mitotic activity, reduced mucin) (Fig. 4d) . Notably, none of the above changes was observed in Rorc ∆Treg mice (Fig. 4b-d 25 . This work represents a significant step toward elucidating the mechanisms by which the host immune system contains inflammatory disease induced by pathobionts. Our results also raise the question of why benign SFB-induced T H 17 responses are not constrained by iT reg cells while they suggest a mechanism whereby commensalism is established by balancing induction of microbe-specific iT reg and inflammatory Th17 cells, with the regulatory cells keeping inflammation at bay.
METHODS

Mice
Mice were bred and maintained in the animal facility of the Skirball Institute (New York University School of Medicine) in specific pathogen-free conditions. C57Bl/6 mice were obtained from Jackson Laboratories or Taconic
Farm. Il10 -/-(B6.129P2-Il10 tm1Cgn /J) mice were purchased from Jackson
Laboratories and bred with WT C57Bl/6 mice, which subsequently generated
Il10
+/-and Il10 -/-littermates by heterozygous breeding.
CD45.1 (B6.SJL-Ptprca
Pepcb/BoyJ) mice were purchased from Jackson Laboratories. Foxp3 creYFP mice were previously described and obtained from Jackson Laboratories 26 .
Il23r gfp and
Maf fl/fl strains were previously described 27, 28 and kindly provided by Drs. M.
Oukka and C. Birchmeier, respectively. All animal procedures were performed in accordance with protocols approved by the Institutional Animal Care and Usage
Committee of New York University School of Medicine.
Antibodies, intracellular staining and flow cytometry
The following monoclonal antibodies were purchased from eBiosciences, For transcription factor staining, cells were stained for surface markers, followed by fixation and permeabilization before nuclear factor staining according to the manufacturer's protocol (Foxp3 staining buffer set from eBioscience). For cytokine analysis, cells were incubated for 5 h in RPMI with 10% FBS, phorbol 12-myristate 13-acetate (PMA) (50 ng/ml; Sigma), ionomycin (500 ng/ml; Sigma)
and GolgiStop (BD). Cells were stained for surface markers before fixation and permeabilization, and then subjected to intracellular cytokine staining according to the manufacturer's protocol (Cytofix/Cytoperm buffer set from BD Biosciences).
Flow cytometric analysis was performed on an LSR II (BD Biosciences) or an Aria II (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Isolation of lymphocytes
Intestinal tissues were sequentially treated with PBS containing 1 mM DTT at room temperature for 10 min, and 5 mM EDTA at 37°C for 20 min to remove epithelial cells, and then minced and dissociated in RPMI containing collagenase
(1 mg/ml collagenase II; Roche), DNase I (100 µg/ml; Sigma), dispase (0.05 U/ml; Worthington) and 10% FBS with constant stirring at 37°C for 45 min (SI) or gradient (GE Healthcare). The Peyer's patches and cecal patch were treated in a similar fashion except for the first step of removal of epithelial cells. Lymph nodes and spleens were mechanically disrupted.
Single-cell TCR cloning
Il23r GFP/+ mice were maintained in SFB-free conditions to guarantee low T H 17 background levels. To induce robust T H 17 response, the mice were orally infected with H. hepaticus and injected intraperitoneally with 1mg anti-IL10RA
(clone 1B1.3A, Bioxcell) every week from the day of infection. After two weeks, LI GFP + CD4 + T cells were sorted on the BD Aria II and deposited at one cell per well into 96-well PCR plates pre-loaded with 5 µl high-capacity cDNA reverse transcription mix (Thermo Fisher) supplemented with 0.1% Triton X-100 (SigmaAldrich). Immediately after sorting, whole plates were incubated at 37 °C for 2 h, and then inactivated at 85 °C for 10 min for cDNA. A nested multiplex PCR approach described previously was used to amplify the CDR3α and CDR3β TCR regions separately from the single cell cDNA 29 . PCR products were cleaned up with ExoSap-IT reagent (USB) and Sanger sequencing was performed by
Macrogen. Open reading frame nucleotide sequences of the TCRα and TCRβ families were retrieved from the IMGT database (http://www.imgt.org) 30 .
Generation of TCR hybridomas
The NFAT-GFP 58α − β − hybridoma cell line was kindly provided by Dr. K. 
Construction and screen of whole-genome shotgun library of H. hepaticus
The shotgun library was prepared with a procedure modified from previous 
Epitope mapping
We cloned overlapping fragments spanning the entire HH_1713 coding region into the pGEX-6P-1 expression vector, and expressed these in E. coli BL21 cells. The heat-killed bacteria were used to stimulate relevant hybridomas.
This process was repeated until we mapped the epitope to a region containing 30 amino acids. The potential MHCII epitopes were predicted with online software RANKPEP 33 . Overlapping peptides spanning the predicted region were further synthesized (Genescript) and verified by stimulation of the hybridomas.
Generation of TCRtg mice
TCR sequences of HH5-1 and HH7-2 were cloned into the pTα and pTβ vectors kindly provided by Dr. D. Mathis. TCR transgenic animals were generated by the Rodent Genetic Engineering Core at the New York University
School of Medicine. Positive pups were genotyped by testing TCR Vβ8.1/8.2
(HH5-1tg) or Vβ6 (HH7-2tg) expression on T cells from peripheral blood.
MHCII tetramer production and staining
HH-E2 tetramer was kindly produced by the NIH Tetramer Core Facility. 
Adoptive transfer of TCRtg cells
Spleens from TCRtg mice were collected and mechanically disassociated.
Red blood cells were lysed using ACK lysis buffer (Lonza 
Histology analysis
The H&E slides from each sample were examined in a blinded fashion.
Samples of proximal, mid, and distal colon were graded semiquantitatively from 0 to 4 as described previously 35 . Scores from proximal, mid, and distal sites were averaged to obtain inflammation scores for the entire colon. 
Cell isolation for RNA-seq experiment
RNA-seq library preparation
Total RNA was extracted using TRIzol (Invitrogen) followed by DNase I treatment and cleanup with RNeasy MinElute kit (Qiagen). RNAseq libraries were prepared using Nugen Ovation Ultralow Library Systems V2 (cat # 7102 and 0344) and sequenced on the Illumina NextSeq.
Data processing of RNA-seq experiment
RNA-seq reads were mapped to the Mus musculus genome Ensembl annotation release 87 with STAR (v2.5.2b) 36 . Uniquely mapped reads were 20 counted using featureCounts 37 
Statistical analysis
For animal studies, two-sided Welch t-test with Holm-Sidak correction for multiple comparisons was used. Error bars represent +/-1 standard deviation.
Final sample sizes matched predicted sample sizes calculated using power analysis. No samples were excluded from analysis. Variance between KO samples tended to be greater than controls. For RNA-seq analysis, genes were considered differentially expressed when DESeq2 38 adjusted P values were < 0.1.
Enriched disease pathways were determined using Ingenuity Pathway Analysis (www.Ingenuity.com). 
Data
